Mammals detect and discriminate numerous odors via a large family of G protein-coupled odorant receptors (ORs). However, little is known about the molecular and structural basis underlying OR response properties. Using site-directed mutagenesis and computational modeling, we studied ORs sharing high sequence homology but with different response properties. When tested in heterologous cells by diverse odorants, MOR256-3 responded broadly to many odorants, whereas MOR256-8 responded weakly to a few odorants. Out of 36 mutant MOR256-3 ORs, the majority altered the responses to different odorants in a similar manner and the overall response of an OR was positively correlated with its basal activity, an indication of ligand-independent receptor activation. Strikingly, a single mutation in MOR256-8 was sufficient to confer both high basal activity and broad responsiveness to this receptor. These results suggest that broad responsiveness of an OR is at least partially attributed to its activation likelihood.
G protein-coupled receptor | odorant receptor | broad responsiveness | site-directed mutagenesis | computational modeling G protein-coupled receptors (GPCRs) are seven transmembrane (TM) proteins which play essential roles in converting extracellular stimuli into intracellular signals in a variety of cell types. Odor detection by olfactory sensory neurons (OSNs) in the mammalian nose depends on a large family of G protein-coupled odorant receptors (ORs) (1) , which endows the olfactory system with an extraordinary power of odor detection and discrimination. Although OR-ligand binding is the first step toward smell perception, little is known about the molecular and structural basis underlying odor response properties of individual ORs.
Most mammalian ORs respond to a small fraction of all of the tested odorants (2) . In contrast, recent studies have identified a small number of ORs that respond to a large set of diverse odorants with comparable potency and efficacy as the former. Curiously, several broadly responsive ORs including MOR256-3 (Olfr124 or SR1), MOR256-31 (Olfr263), and human OR2W1 (ortholog of MOR256-31) belong to the same subfamily, which also contains ORs such as MOR256-8 (Olfr1362) and MOR256-22 (Olfr1387) that respond to a few odorants (3) (4) (5) (6) . Identification of ORs within the same subfamily (i.e., sharing >50% amino acid identity) but with different response properties offers an opportunity for dissecting out the molecular features that define the tuning properties of these ORs.
Mammalian ORs belong to class A (or rhodopsin family) GPCRs. The structure-function relationship of several class A members (e.g., rhodopsin and β2-adrenergic receptor) has been investigated in great details via various approaches including site-directed mutagenesis, X-ray crystallography (7, 8) , and molecular modeling (9) (10) (11) . Although no crystal structure is available for any OR, sitedirected mutagenesis and/or computational modeling have shed light on structure-function relationship for a few ORs (12-18).
Using a joint approach of site-directed mutagenesis and computational modeling, we investigated the response properties of mutant ORs based on MOR256-3 and MOR256-8, which responded to a large and small set of odorants, respectively. Three-dimensional atomic models of these ORs were built to map locations of the mutated residues. Most mutations in MOR256-3 altered the responses to different odorants in a similar manner. Remarkably, MOR256-8 was converted into a broadly responsive OR by swapping a single or a few residues. More generally, we found that an OR's total response was positively correlated with its basal activity, an indication of ligand-independent receptor activation. These data suggest that broad responsiveness of an OR is not only determined by ligand binding, but also by activation mechanism.
Results
Identification of Residues That Potentially Underlie Broad Responsiveness of MOR256-3. Ideally, the response profile of an OR should be determined based on an exhaustive list of odorants, which would be time consuming if not impossible given the almost infinite odor space. To provide a numerical description of broadly responsive ORs, we analyzed the percentage of odorants a receptor responds to from an array of 62 ORs from different subfamilies vs. 63 diverse odorants reported in a previous study (5) . The median was 4.8%, and the median absolute deviation (MAD) was 7.0%, indicating that any OR responding to 25.8% of the odorants would be 3 MAD away from the median. We hence defined an OR as broadly responsive if
Significance
Mammalian odorant receptors (ORs) comprise the largest family of G protein-coupled receptors, which are frequent drug targets. While many ORs respond specifically to select odorants, recent studies have identified a small number of ORs that respond to a large set of diverse odorants. Up to date, little is known about the molecular and structural features that shape the OR response properties. Our study reveals that broadly responsive ORs show elevated basal activity, suggesting a lower activation barrier. Surprisingly, a single amino acid mutation is sufficient to confer high basal activity and broad responsiveness to an OR, which originally shows weak responses to few odorants.
it responds to ≥30% (a more stringent criterion rounded from 25.8%) of a given set of diverse odorants, which covers a significant portion of the odor space (19) . This definition offers an appropriate description of ORs with exceptionally broad response profiles using different sets of odorants (Fig. S1 ). To minimize the effects of odorant concentrations on the OR response profiles, all ORs were tested at the same concentrations and a positive response was determined at 300 μM, a near-saturating concentration.
We initially focused on the broadly responsive MOR256-3 receptor, which was extensively studied both in genetically tagged OSNs and in a heterologous expression system (3). We compared the response properties of the following five ORs within the same family. Out of 22 diverse odorants tested, MOR256-3, MOR256-31, and hOR2W1 exhibited broad responsiveness. In contrast, MOR256-8 and MOR256-22 responded weakly to a few odorants (Fig. 1A) . Their response profiles were further assessed by doseresponse analysis on selected odorants or a larger odorant set ( Fig.  S1 and ref. 5 ). Note that odorant-induced responses are not correlated with the receptor surface expression levels (see below).
To identify key residues that underlie broad responsiveness, we aligned the protein sequences of these five ORs from the same subfamily ( Fig. 1B and Fig. S2 ) and built 3D atomic models of MOR256-3 and MOR256-8 ( Fig. 2A) (18, 20) . We constructed 36 site-directed mutant MOR256-3 ORs mostly by substituting the residues conserved in the broadly responsive ORs to those in MOR256-8 or MOR256-22 individually or in combination. The mutated sites included all 17 conserved residues between TM3 and TM6 plus six located in TM1 and TM2 (Figs. 1B and 2A).
All MOR256-3 mutants except T161P are expressed at the cell surface ( Fig. S3 ) and differentially influence odorant-induced responses (Figs. 2 and 3 and Table S1 ). Eighteen mutations significantly decreased, 7 significantly increased, and 10 did not change the overall responses (Figs. 2B and 3 A-D) . Notably, switching a single residue in TM3 of MOR256-3 to that of MOR256-8 (denoted as 3 Y102F or 3 L107I) drastically decreased the odor responses by >70% (Figs. 2B and 3 A and B) . When the responses to individual odorants at 300 μM were ranked, most mutant ORs showed the same ranking order as wild-type (WT) MOR256-3 [from the strongest to weakest ligand: 1-octanol, (−) carvone, coumarin, benzyl acetate, and allyl phenyl acetate] with a few exceptions (e.g., G108A, L199M, G203A, and T254S) (Figs. 3 A-D and 4A), suggesting that most of the mutated residues are not governing binding to specific odorants but rather affecting the overall responsiveness.
Curiously, ORs with strong odorant responses tended to show higher basal activities (Fig. 4A) . Regression analysis on the data set including the five WT ORs and all 35 functional mutant MOR256-3 ORs confirmed that the total response of an OR was positively correlated with the basal activity (Fig. 4B) . In contrast, neither the total response nor the basal activity was correlated with the OR surface expression level (Fig. 4C ). These data support that more responsive ORs have a higher basal activity level, implying a higher probability of receptor activation.
A Single Mutation Confers Broad Responsiveness to MOR256-8.
MOR256-8 shares more than 50% amino acid identity with other broadly responsive members in the same subfamily. Because in MOR256-3, substituting single residues by those in MOR256-8 led to complete loss of surface expression (3 T161P) or significantly reduced odorant responses (3 Y102F and 3 L107I) (Figs. 2-4 and Fig. S3 ), we asked whether reversely swapping these residues would confer broad responsiveness to MOR256-8. All mutant MOR256-8 ORs described below showed surface expression and their responses were not correlated with the expression levels ( Fig. 5C ). Single mutations 8 F102Y and 8 P161T responded to three and six odorants, respectively, more than WT MOR256-8, which responded to 2 of the 22 odorants. Strikingly, mutations 8 I107L and 8 I107L P161T responded to 45.5% and 40.9% of the odorant set, respectively, indicating that they are broadly responsive (Fig. 5A ). Triple mutation 8 F102Y I107L P161T did not respond more Hana3A cells (mean ± SEM). All odorant-OR pairs were tested on at least two plates (with three repeats on each plate). A positive response was identified if it was significantly higher than the basal activity (*P < 0.05 and **P < 0.01 in one-way ANOVA post hoc Dunnett's tests). MOR256-3, MOR256-31, and 2W1 responded to 10, 12, and 10 compounds (or 45.5%, 54.5%, and 45.5%), respectively. MOR256-8 and MOR256-22 showed weak but significant responses to two and three odorants, respectively, due to their low basal activity. All responses were normalized to WT MOR256-3's response to 1-octanol at 300 μM and corrected for surface expression (see Materials and Methods for details). (B) Snake plot of the MOR256-3 receptor, which contains 315 amino acids with 114 conserved in all five ORs (filled in gray). The transmembrane domains are determined by the 3D atomic model (see also Fig. 2A ). Magenta circles mark residues that are conserved in the three broadly responsive ORs (MOR256-3, MOR256-31, and 2W1), but not in MOR256-8 and/or MOR256-22.
broadly than 8 I107 and 8 I107L P161T (Fig. 5A) , suggesting that the effects of these residues are not additive. Compared with WT MOR256-8, the broadly responsive mutant ORs showed higher basal activity (Fig. 5B) as other broadly responsive ORs (Fig. 4) .
Discussion
In the current study, we investigated the molecular and structural features underlying the broad responsiveness of MOR256-3 using site-directed mutagenesis and computational modeling. We identified a handful of residues in MOR256-3 that are critical for its response properties (Figs. 1-3 ). We further demonstrate that the basal activity of an OR is strongly correlated with its overall responsiveness (Fig. 4) . Remarkably, MOR256-8, which weakly responds to a few odorants, can be converted into a broadly responsive receptor by mutation of a single or a few residues (Fig. 5) . These data provide unprecedented insights into the mechanisms underlying the response properties of mammalian ORs and GPCRs in general.
Our study suggests that the activation mechanism of an OR significantly impacts its response properties. The major difference between MOR256-3 and MOR256-8 likely resides in the receptor activation process. Many single mutations in MOR256-3 alter its response efficacy and potency to all odorants in a similar manner (Figs. 2-4) . Strikingly, mutation of a single (at position 107) or a few residues in MOR256-8 confers both high basal activity and broad responsiveness to this receptor. Interestingly, residue 107 is at the vicinity of G108 (identical between MOR256-3 and MOR256-8) and mutation G108L in MOR256-3 leads to a constitutively active receptor (18) . This position is located at the crossing of TM3 and TM6 and is reported to form a cradle for the ligand in class A GPCRs (21) . It is plausible that mutation at 107 and many other residues examined in this study change the likelihood of receptor activation rather than binding to specific ligands.
A broadly responsive OR (such as MOR256-3) would require a low activation barrier in addition to a permissive binding pocket. Unlike most nonolfactory GPCRs, which use ionic or hydrogen bond interactions to ensure selectivity and sensitivity in binding their agonists or antagonists (22) , ORs bind to their ligands via much weaker van der Waals interactions (14, 16, 23) . It is conceivable that at least some ORs have a permissive binding The total response is the sum of the responses to all five odorants at 300 μM, normalized to that of WT MOR256-3 tested on the same plate and corrected for surface expression. EC, extracellular loop; IC, intracellular loop; TM, transmembrane domain. The mutants in bold mark residue swaps between MOR256-3 and MOR256-8. One-way ANOVA post hoc Dunnett's tests were performed for each mutant and WT pair (ns = not significantly different, *P < 0.05, and **P < 0.01). The responses to individual odorants are reported in Fig. 4A and Table S1 .
cavity where the interaction would be more opportunistic compared with other GPCRs (14) . Therefore, binding of many distinct ligands can lead to receptor activation.
On the other hand, an OR that appears as "selectively responsive" could result from two scenarios: either this OR has a truly restrictive binding cavity or it has a high activation barrier for activation. We suspect that MOR256-8 belongs to the latter because mutation of a single or a few residues can convert it into a broadly responsive OR (Fig. 5) .
The positive correlation between broad responsiveness and basal activity described here (Figs. 4 and 5) does not imply that the basal activity alone is sufficient to predict the response properties of a given OR. This correlation may only apply to some ORs and operate within a certain range. For example, a constitutively active mutant OR (with extremely high basal activity) can lose its capability of responding to odorants (18) . Many residues in addition to the ones investigated here may also contribute to an OR's response properties by affecting ligand binding and/or receptor activation.
Broadly responsive ORs are identified from insects to humans (5, 24) , and the selective advantages of these ORs in smell perception may be multifaceted. First, these receptors can potentially increase the range of detectable odors for the olfactory system. Second, they may contribute to an organism's ability in odor discrimination via the combinatorial scheme. In the retina, three types of cones with broad tuning spectra are sufficient for color perception. Third, these receptors may serve as general odor detectors. Curiously, OSNs expressing MOR256-3 are highly concentrated in the septal organ, a chemosensory organ located in the ventral base of the nasal septum and in the direct air path (25) . The broadly responsive OSNs in the septal organ and the main olfactory epithelium may inform the system the presence of any odor in the environment. Fourth, these receptors may act as intensity analyzers by providing the olfactory system an easier readout on odor concentrations regardless of the identity of the odors.
Materials and Methods
Site-Directed Mutagenesis. The coding sequences of MOR256 receptors were amplified from genomic DNA of C57BL/6 mice and subcloned into the pcDNA3.1/ TOPO vector (Invitrogen) with an N-terminal tag of the first 20 amino acids of rhodopsin (Rho). Site-directed mutants were constructed using the Quikchange site-directed mutagenesis kit (Agilent Technologies). The sequences of all plasmid constructions were verified by both forward and reverse sequencing (DNA sequencing core facility, University of Pennsylvania).
Luciferase Assay in Hana3A Cells. The Dual-Glo Luciferase Assay (Promega) was used to determine the activities of firefly and Renilla luciferase in Hana3A cells (26) . Firefly luciferase, driven by a cAMP response element promoter (CRE-Luc; Stratagene), was used to determine OR activation levels. Renilla luciferase, driven by a constitutively active SV40 promoter (pRLSV40; Promega), functioned as an internal control for transfection efficiency and cell viability. Hana3A cells, a HEK293T-derived cell line stably expressing the receptor-transporting proteins (RTP1L and RTP2), receptor expression-enhancing protein 1 (REEP1), and olfactory G protein (G αolf ) (26) , were plated on poly-D-lysine-coated 96-well plates (Nalge Nunc) and incubated overnight in minimum essential medium eagle (Sigma) with 10% FBS at 37°C and 5% CO 2 . The following day, cells were transfected using Lipofectamine 2000 (Invitrogen). For each 96-well plate, 0.5 μg of pRL-SV40, 1 μg of CRE-Luc, 0.5 μg of mouse RTP1S, 0.25 μg of mouse muscarinic acetylcholine receptor M3 and 0.5 μg of receptor plasmid DNA were transfected. After transfection (24 h), medium was replaced with 25 μL of odorant solution diluted in CD293 chemically defined medium (Invitrogen), and cells were further incubated for 4 h at 37°C and 5% CO 2 . The manufacturer's protocols were followed to measure firefly luciferase and Renilla luciferase activities. Raw data were analyzed according to the published procedure using Microsoft Excel and GraphPad Prism (26) .
To facilitate comparison between OR responses from multiple plates, we always included Rho-tag empty vector and WT MOR256-3 as negative and positive control, respectively. The basal activity of an OR was averaged from four wells in the absence of odorants. An odorant-induced response was obtained by subtracting the basal activity of that receptor. In experiments where the five odorants [1-octanol, (−) carvone, coumarin, benzyl acetate, and allyl phenyl acetate] were tested, the responses to each odorant at four concentrations (0, 3, 30, and 300 μM) were measured. The sum of the responses to all five odorants at 300 μM was used to evaluate an OR's overall responsiveness. All odorant responses and basal activities were normalized to MOR256-3's response to 300 μM 1-octanol.
Evaluation of OR Surface Expression and Data Correction. Live-cell immuostaining was used to evaluate OR surface expression (26) . Hana3A cells were cotransfected with receptor and GFP plasmids 24 h before the staining. The transfected Hana3A cells were incubated with primary antibody solution (mouse anti-rhodopsin, Rho 4D2, Abcam) on ice for 1 h. After rinsing the cells three times, secondary antibody solution (Alexa Fluor 568-conjucated anti-mouse IgG) was added onto the cells, and incubated for 45 min on ice. At the end of the . Each mutant OR was tested on the same plate as WT (three repeats for each OR; mean ± SEM) and all responses were normalized to WT response to 1-octanol at 300 μM and corrected for surface expression. Two-way ANOVA (concentration and OR type) tests were performed for each mutant and WT pair (ns = not significantly different, *P < 0.05, **P < 0.01, and ***P < 0.001 for OR type).
incubation, the cells were fixed with 2% (wt/vol) paraformaldehyde, and mounted with vectashield mounting medium (Vector Laboratories).
The surface expression of each OR was quantified by the Rho/GFP intensity ratio, which takes into account both the number of transfected cells and the expression level in individual cells. For each plate, the total fluorescence intensity (after background subtraction) was measured for both red (Rho) and green (GFP) channels using Image J. The intensity ratio (Rho/GFP) was obtained for all WT and mutant ORs (Fig. S3) . All odorant responses and basal activities were corrected for OR surface expression by dividing the Rho/GFP intensity ratio scaled to WT MOR256-3.
For selected ORs (Fig. S3) , the surface expression was also evaluated using fluorescence-activated cell sorting (FACS). The transfected cell pellets were resuspended in primary antibody solution (mouse anti-Rhodopsin), and incubated on ice for 1 h. After centrifuging for 3 min at 200 × g and aspirating all solution, the cell pellets were resuspended in secondary antibody solution (Phycoerythrinconjucated anti-mouse IgG), and incubated for 30 min on ice. At the end of the Fig. 5 . Mutations at a single or a few residues are sufficient to convert MOR256-8 to broadly responsive ORs. (A) Responses of different ORs to a set of 22 odorants after subtracting the basal activity. All odorants were tested at 300 μM and the data for each OR were averaged from three repeats on the same plate (mean ± SEM). All odorant responses and basal activities were normalized to WT MOR256-3's response to 1-octanol at 300 μM and corrected for surface expression. A positive response was identified if it was significantly higher than the basal activity (*P < 0.05 and **P < 0.01 in one-way ANOVA post hoc Dunnett's tests). (B) The total response (sum of the responses to all 22 odorants at 300 μM) was plotted against its basal activity for each OR. All activities were normalized to WT MOR256-3′s response to 1-octanol at 300 μM and corrected for surface expression. The curved line represents logarithmic regression fitting. (C) The total response was not correlated with the receptor surface expression (linear regression analysis). The surface expression of each OR was normalized to that of WT MOR256-3. and the responses to all five odorants at 300 μM (Right) for each OR. The five odorants were ranked based on the responses of WT MOR256-3 from largest to smallest. The odorant responses for each OR were averaged from three repeats on the same plate except for WT ORs, averaged from 8 to 21 plates (mean ± SEM). The basal activity for each OR was averaged from four repeats on the same plate. All odorant responses and basal activities were normalized to WT MOR256-3′s response to 1-octanol at 300 μM and corrected for surface expression. (B) The total response to all five odorants at 300 μM was plotted against its basal activity for each OR. The curved line represents logarithmic regression fitting because it models the fact that the odorant-induced response did not rise linearly but instead reached a plateau even for an extremely broadly responsive OR. (C) Neither the total response nor the basal activity of WT and mutant ORs was correlated with the receptor surface expression (see Fig. S3 for the surface expression of each OR) via linear regression analysis.
incubation, the cells were centrifuged, and the cell pellets were suspended with washing solution in 5-mL round-bottomed tubes (BD Falcon). Cells were analyzed using a FACS machine (Flow Cytometry and Cell Sorting Resource Laboratory, University of Pennsylvania) according to the GFP and PE fluorescent signals. The fluorescent range of the GFP and PE were determined by control cells transfected with GFP or receptor plasmid only. Cells transfected with GFP only were also used to determine the nonspecific PE fluorescence.
Three-Dimensional Atomic Models. The protocol follows a published method (27) . Sequences of MOR256-3, 256-8, 256-17, 256-22, 256-31, mI7 (olfr2), mOR-EG (olfr73), and S25 (olfr480) are aligned with 396 human ORs (28) and nine sequences of X-ray elucidated GPCRs: bovine rhodopsin [Protein Data Bank (PDB) ID 1U19] (29), human beta 2 adrenergic (PDB: 2RH1) (30), turkey beta 1 adrenergic (PDB ID 2VT4) (31), human chemokine receptors CXCR4 (PDB ID 3ODU) (32) and CXCR1 (PDB ID 2LNL) (33), human dopamine receptor D3 (PDB ID 3PBL) (34), human adenosine a2A receptor (PDB ID 2YDV) (35) , human histamine H1 receptor (PDB ID 3RZE) (36) , and muscarinic acetylcholine receptor M2 (PDB ID 3UON) (37) . Highly conserved motifs in ORs were considered as constraints for the alignment: GN in helix 1, PMYFFLXXLSXXD in helix 2, MAYDRYXAICXPLXY in helix 3, SYXXI in helix 5, KAFSTCASH in helix 6, LNPXIY in helix 7 and a pair of conserved cysteines 97 3.25 -179 EC2 , which constitute a known disulfide bridge between the beginning of helix 3 and the extracellular loop 2. Four experimental GPCR structures (1U19, 3ODU, 2YDV, and 2LNL) were selected as templates to build MOR256-3 by homology modeling with Modeler (38) . The N-terminal structure (residues 1-18) was excluded to avoid perturbation of the modeling protocol with a nonstructured part of the protein.
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Yu et al. 10 .1073/pnas.1517510112 Fig. S1 . The MOR256 subfamily contains ORs with different response properties. (A) Wild-type MOR256 ORs exhibited different sensitivity and selectivity to the five selected odorants. The data for each receptor were averaged from 8 to 21 plates (error bars not shown). All responses were normalized to MOR256-3′s response to 1-octanol at 300 μM and corrected for surface expression. (B) Screening of 83 compounds in Hana3A cells revealed 35 ligands (42.2%) for MOR256-3. A positive response was defined when an odorant-induced response was significantly higher than that of the basal activity (P < 0.05 in one way ANOVA post hoc Dunnett's tests). All compounds were tested at 100 or 300 μM with at least three repeats. ) fluorescence intensity for WT and mutant ORs in live cell immunostaining was used to evaluate the surface expression level. Each data point was averaged from 3 to 6 plates (mean ± SEM) and normalized to WT MOR256-3. The raw value of the red/green intensity ratio for WT MOR256-3 was 53.7% ± 3.1%. For each OR, the responses to individual odorants (all at 300 μM) were normalized to WT response to 1-octanol and corrected for surface expression. The total response was the sum of the responses to all five odorants (summarized in Fig. 2B) . Each mutant OR was tested on the same plate as WT (three repeats for each OR), and the data (with error bars) were also shown in Fig. 4 . Allyl, allyl phenyl acetate; Benzyl, benzyl acetate; Car, (−) carvone; Cou, coumarin; Oct, 1-octanol. The mutants in bold mark residue swaps between MOR256-3 and MOR256-8.
